Large scale wavelike patterns are observed on an aluminum surface after it is ablated by a series of KrF laser pulses ͑248 nm, 40 ns, 5 J/cm 2 ͒. These surface structures have a wavelength on the order of 30 m, much longer than the laser wavelength. We postulate that these wave patterns are caused by the Kelvin-Helmholtz instability at the interface between the molten aluminum and the plasma plume. A parametric study is given in terms of the molten layer's thickness and of the spatial extent and kinetic energy density in the laser-produced plasma plume. Also included is an estimate of the cumulative growth in a multipulse laser ablation experiment. These estimates indicate that the Kelvin-Helmholtz instability is a viable mechanism for the formation of the large scale structures.
I. INTRODUCTION
Pulsed-laser deposition ͑PLD͒ is an efficient and versatile thin film deposition technique. 1 The major concern of PLD is the particulate formation that leads to the splashing of materials on the target. There is considerable evidence that large particulate formation is preceded by the formation of wavelike structures on the ablated surface. 2 The surface modification by cumulative laser irradiation also affects both the film composition and deposition rate. 3 The mechanisms of the laser sputtering of materials have been studied. 4 Roughly speaking, there are two types of surface structures resulting from laser irradiation. The first type is of small scale, on the order of the laser wavelength. They are observed during the first few pulses or when the laser fluence is below the damage threshold of the surface. In general, they are more dependent on the surface condition, such as the optical and thermophysical properties of the material. There are existing theories for the formation of these small scale periodic surface structures. 5 The proposed mechanisms include inhomogeneous energy deposition due to the interference of the incident laser beam and the surface scattering field. Excitation of surface plasmons can produce anomalous absorption under high fluence irradiation, 6 and the laserdriven corrugation instability leads to a strong coupling when the critical depth reaches the pump laser wavelength.
The second type of surface structures, the object of the present study, has a scale much greater than the pump laser wavelength. These large surface structures 7, 8 appear when the laser fluence is above the damage threshold and the target is heated beyond the vapor phase to the plasma state. In the multipulse experiments, 2,9-16 a KrF laser ͑248 nm, 40 ns, 5 -10 J/cm 2 ͒ is incident on an aluminum target. From the scanning electron microscope ͑SEM͒ pictures of the damaged target surface for a number of pulses up to 4200 shots, we observe a relatively uniform ripple formation in the center of the laser spot, with large surface structures formed ͑50-100 m͒ in the outer edge. The spacing of the ripple is much larger than the laser wavelength, on the order of 30 m ͑see Figs. 1 and 2 below͒.
The laser-produced plasma plumes have several effects on laser-target interactions. They might strengthen the large scale structures on the one hand ͑see below͒, and they might absorb or reflect the laser energy, 17 thereby preventing the laser light from reaching the surface, with the result of reducing the thickness of the molten layer. Contrary to the case of small scale surface structures, the surface conditions of the pre-ablated metal, as well as whatever interference effects with the incident laser light, are probably less crucial in the formation of the large scale structures, which were not observed for polymers and other materials using this KrF laser.
The presence of large scale surface structures must have been created by a rather significant energy reservoir. The fairly regular wavelike patterns look much like the winddriven surface wave in a pond ͑see Fig. 1͒ . This recognition naturally directs our attention to the Kelvin-Helmholtz instability 18 as a candidate for the creation of similar wavelike structures. In our case, the molten aluminum plays the role of ''water,'' and the ''wind'' comes from expansion of the high pressure plasma plume. The large surface structures occur when the surface waves ͑coming from the center of the laser spot͒ are splashed and solidified at the edge. We may tentatively identify the Kelvin-Helmholtz instability as a viable candidate if the computed growth rate may explain the buildup of the large scale structures during the multipulse ablation, upon using a reasonable set of parameters consistent with the experiments.
In addition to Kelvin-Helmholtz ͑KH͒ instability, we have also studied the possibilities of other hydrodynamic instabilities, such as capillary wave ͑CW͒ and RayleighTaylor ͑RT͒ instability. Brailovsky et al. 8 CW instability, they considered a subsonic vapor evaporated from the surface with a perpendicular expansion velocity of order 10 4 cm/s, which is two orders of magnitude lower than our measured velocity ͑on the order of cm/s͒ in the experiments [10] [11] [12] [13] [14] [15] [16] ͑see below͒. Their calculation for the case of bismuth ablated by laser intensity of 10 9 W/cm 2 yielded a maximum instability increment ( m ) of 0.1 m, which is much lower than our experimental value of about 30 m.
Unlike the RT instability discussed by Brailovsky, 19 conventional RT instability model has been used to calculate m ; it equals 4 m by estimating an acceleration force ͑␣͒ of 3.2ϫ10 9 m/s 2 ͑Ref. 20͒ in the liquid-vapor interface. Moreover, the RT instability usually does not have its signature in the form of a very regular wave pattern as exhibited in Fig. 1 , although this instability might well be a candidate for the formation of the individual droplets of molten materials at the edge of the laser spot, 2 but droplet formation is beyond the scope of the present paper.
The growth rate of the thermocapillary instability 21 is too slow to initiate the large scale structures. The corrugation instability of plane evaporation waves 21 in liquid also grows too slowly. The above considerations of small m ͑less than 10 m͒ and slow growth rate help us to eliminate the other macroscopic instabilities in favor of KH instability. We note that our model is different from the one previously considered by Brailovsky et al. 8 in that their KH instability mechanism is caused by the perpendicular plume velocity streaming along the vertical column of the molten layer. More specifically, Brailovsky examined the KH instability on the vertical columns that are already formed. Here we analyze how these vertical columns are formed in the first place: the parallel wind leads to growth of the vertical columns via the KH instability. Once these vertical columns are formed, the ͑vertical͒ wind then provides secondary ripples on these columns. Brailovky analyzed the secondary ripples thus formed. It is clear that when the amplitude of the vertical columns is small ͑which is the case during their initial growth that is analyzed here͒, Brailovsky's mechanism is inoperative.
The uncertainties in the parameters, such as the depth of the molten layer and the density and velocity profiles of the plasma wind at the liquid-plasma interface, force us to use a semiemperical approach on a much simplified model. We use a one-dimensional model with conveniently chosen density and velocity profiles for the two media: molten liquid and plasma wind. We postulate that the wavelike pattern that is observed in the experiment corresponds to the wave number that yields the highest growth rate. We then examine the dependence of this maximum growth on the parameters. We next evaluate the cumulative growth for a sequence of laser pulses, assuming that between pulses, the wave pattern solidifies quickly so that the frozen pattern serves as the initial condition at the time the next laser pulse arrives. The ranges of the chosen parameters are guided by extensive, previous experimental measurements of plasma plume parameters. [10] [11] [12] [13] [14] [15] [16] From Ref. 12 ͑Figs. 9i, j͒, one can infer a transverse plasma wind velocity of 0.18 cm/s.
Finally, we remark that the laser inhomogeneity is unlikely to produce wavelike patterns so regular over a broad front ͑cf. Fig. 1͒ and these have not been seen in our previous experiments on polymer and ceramic ablation.
II. EXPERIMENTAL CONFIGURATION AND DATA
The laser ablation plume was produced by focusing a pulse from a KrF excimer laser ͑248 nm, 40 ns, Ͻ1.2 J͒ on aluminum targets. The analyzed samples consisted of seven 99.999% pure solid aluminum targets. The targets were placed at a ninety degree angle to the incident laser beam. The laser focal spot was 2.0 by 2.5 mm, or 0.05 cm 2 in area. The fluence was measured at regular intervals by inserting a calorimeter in front of the KrF laser beam. The average laser fluence at the target was approximately 5 J/cm 2 . For these experiments, the stainless-steel vacuum system was evacuated using a rotary pump-backed turbomolecular pump. The pressure remained less than 2ϫ10 Ϫ5 Torr during the laser ablation of aluminum.
Progressive levels of damage, ranging from 5 up to 4200 excimer laser pulses, were produced on each of seven targets. The resulting damage on the targets was investigated by placing each target in an SEM. At each stage of damage, an SEM image was taken of the entire laser focal spot and a second SEM image was taken at a higher magnification in the middle of the damaged area. From our results, the significant uniform ripple began to occur at 250 laser pulses irradiation. Here, we only present the SEM image ͑500ϫ͒ in the middle of the damaged area at 250 laser pulses ͑see Fig.  2͒ . Figure 1 shows the damage in the middle of the spot at 1000 pulses and 50ϫ magnification.
This KrF laser ablated Al plasma has been extensively characterized in our previous research.
11 -16 Many different diagnostics have been used to investigate the expansion velocity of the laser ablation plumes, such as resonant holographic interferometry, 11, 12 resonance absorption photography, 11, 13, 14 schlieren photography, 14, 15 and laser deflection. 11, 16 The electron density has been measured by laser deflection. 11 From Ref. 12, the leading edge ͑perpen-dicular to target͒ expansion velocity of Ϸ1.4 cm/s in vacuum has been measured which corresponds to an initial ͑perpendicular to target͒ plume temperature of 3.6 eV. It is important to clarify that this perpendicular expansion velocity is higher than the parallel velocity, which has been inferred from previous experimental measurements ͑Ref. 12, Figs. 9i, j͒ to be about 0.18 cm/s.
From Ref. 11, the electron density profile of the ablation plume has been measured at various times. Typically, at 50 ns, the measured electron density is about 3ϫ10 17 cm Ϫ3 at 0.3 mm above the target surface so this density can approach 10 18 -10 19 cm Ϫ3 at the surface. Thus, in this paper, we consider a rather dense plasma ͑residual plume͒ moving up to 1 cm/s parallel to the target surface, which produces the wavelike pattern. Contrary to the roughness at the edge, we have a rather smooth surface with a regular ripple pattern in the order 30 m spacing in the center of the laser spot.
III. THE MODEL
In a sharp boundary model ͑Fig. 3͒, the molten aluminum is located in region I (zϽ0) and the plasma plume is located in region II (zϾ0); the interface at zϭ0. In the description of Kelvin-Helmholtz instability, we consider a general density profile (z), and general velocity profile U(z). We may also include the effects of surface tension, viscosity, and gravity. By combining the equation of motion, continuity equation, incompressible condition and perturbation of the form exp(ik x xϩik y yϪit), where ϭ( r ϩi␥), we obtain the governing equation 22 for the perturbed velocity, u:
͑1͒
Here, k 2 ϭk x 2 ϩk y 2 , g is the gravity acceleration, is surface tension constant, is kinematic viscosity constant, and ␦(z)
is the Dirac delta function. To simplify Eq. ͑1͒, we compare the magnitude of various terms: gravity, surface tension, and viscosity. From the available experimental data, we notice that ϵ2/k is on the order of 30 m. We then find that surface tension is the dominant term, with k 3 / 1 ӷ(k 2 ) 2 ӷgk ͑Ref. 23͒. In region I (zϽ0), we assume that the molten layer has a thickness of H 1 , with a uniform density 1 and uniform velocity U 1 ͑which may be taken to be zero͒. Equation ͑1͒ reduces to
͑2͒
In region II (zϾ0), we assume that the high-pressure plasma plume gives rise to a wind, with density 2 ϵ 2 (z) and velocity, U 2 ϵU 2 (z). We assume that the phase velocity of the surface wave, /k x is much less than the equilibrium velocity, U 2 ͑U 2 ӷ/k x , to be verified later͒. Equation ͑1͒ becomes
͑3͒
In order to calculate the growth rate of the instability, we solve Eqs. ͑2͒ and ͑3͒ in the region zϽ0 and zϾ0 for u 1 and u 2 , respectively, and integrate Eq. ͑1͒ at the boundary from zϭ0 Ϫ to 0 ϩ . To simplify the calculation, let 2 (z) ϭ 2o exp(Ϫz/H 2 ) and U 2 (z)ϭU 2o exp (Ϫz/H (z) and U(z) are the equilibrium mass density and horizontal velocity, where subscript '1' is for the molten layer (zϽ0) and '2' is for the plasma plume (zϾ0).
is the density scale length of the plume and H 3 is the velocity shear scale length of the plume. It is clear that U 2o ӷU 1 and 1 ӷ 2o . We then obtain the growth rate
and the real part of the frequency
where ⌽ϵ͓2ͱ⌳ 2 2 ϩ(rϩ1/2) 2 Ϫ1͔/2⌳ 2 у0, ⌳ 1 ϵkH 1 , ⌳ 2 ϵkH 2 , and rϵH 2 /H 3 are normalized parameters. In obtaining Eqs. ͑4͒ and ͑5͒, the boundary conditions u 1 (ϪH 1 )ϭ0, u 2 (ϱ)ϭ0 and u 2 (0)Ϫu 1 (0)ϭU 2 (0)ϪU 1 (0), as well as the assumption k x Ϸk have been used. Note that Eq. ͑4͒ can be extended to include the Rayleigh-Taylor instability and gravitation effects, by adding the term 1 k(␣Ϫg) in the numerator in the square bracket of Eq. ͑4͒, where ␣ is the acceleration force which accelerates vertically from the molten layer to the plasma plume layer, and g is gravitational acceleration. In this article, we estimate that these effects are negligible due to the high plasma plume velocity. [10] [11] [12] [13] [14] [15] [16] Since there are many parameters that are not readily available from experiments ͑such as H 1 , H 2 and H 3 ͒, to proceed further, we postulate that the wavelike pattern that is observed in experiments ͑Fig. 1͒ corresponds to the wavenumber that yields the maximum growth. Then by varying H 1 , H 2 , and H 3 , we may infer what would be the temporal growth rate of the Kelvin-Helmholtz instability, and the plasma wind kinetic energy density ⌬ϵ 2o U 2o 2 that is required so as to produce such a growth with the observed wave number. Thus, by setting d␥/dkϭ0, we obtain the equation that maximizes the growth rate and the energy density that is required to yield such a growth with the observed wave number k. The normalized growth rate, ␥ , and the corresponding normalized plasma plume's energy density, ⌬, are given by
Here ͓␥ ϱ ,⌬ ϱ ͔ϭ͓(k 3 /2 1 ) By setting ϭ30 m, we show the dependence of the growth rate on H 1 and H 2 . Figure 4 shows that the growth rate increases with H 1 and decreases with H 2 for r ϵH 2 /H 3 ϭ1 ͑spatial variation of the plume density profile is assumed to be equal to that of parallel velocity profile͒. The growth rate can be twice ␥ ϱ at high H 1 and low H 2 , and diminishes to zero at low H 1 . We also calculate the corresponding energy density needed to drive the surface instability at ϭ30 m. The dependence of ⌬ on H 1 and H 2 are given in Fig. 5 ; it increases with H 1 and H 2 . However, for a wide range of H 1 ͑1-100 m͒, ⌬ does not change much, with an asymptotic value between 0.9 and 1.1 for H 2 Ͼ5 m.
In order to calculate the growth rate of these large surface structures and energy density of the ablation plume, we have to estimate H 1 , H 2 , and H 3 . In the fluence range of a few J/cm 2 of laser ablation, H 1 is typically a few microns. By setting ϭ30 m, H 1 ϭ2 m, and rϭ1, the normalized energy density and growth rate are given in Fig. 6 . To ensure that KH instability is indeed a possible mechanism for the growth at ϭ30 m, we compare the calculated ⌬ with measured ⌬, by setting ⌬Ϸn e T e . Here, n e is the electron density at the target surface (Ϸ10 19 cm
Ϫ3
) and T e is electron temperature corresponding to the parallel velocity 14 ͑1 eV for upper limit and 0.1 eV for lower limit͒, where both n e and T e were previously measured from this experiment. [11] [12] 24 In Fig. 6 , the upper and lower limit of the measured ⌬ are shown. As can be seen, the calculated ⌬ lies within the experimental range, and the calculated growth rate is about 0.66 s Ϫ1 at H 2 Ͼ20 m.
IV. CUMULATIVE GROWTH
The above parametric study of the temporal growth, as a function of H 1 , H 2 , and H 3 , allows us to assess the total growth after N laser pulses, each pulse lasting 40 ns. We wish to calculate the cumulative growth rate, ␥*(ϭ͚ i N ␥ i ) after N laser pulses of irradiation. As can be seen in Figs. 1 and 2, molten surface waves of material that have been solidified have a rather smooth ripple with period of about 30 m in the center of the laser spot. However, at the edge of the crater, we found material piled up in conical structures with height 50 to 100 m ͑see SEM image in Ref. 2͒ . Thus, we assume that H 2 (N)ϭH 3 (N) is a linearly increasing function with N, up to 100 m at Nϭ250 and H 1 (N) is a constant ͑ϭ1, 2, 3 m͒.
25 The increase in the scales H 2 and H 3 in the plasma plume, as N increases, is on account of the observed buildup of the surface roughness as N increases. The spatial extent of the plasma, as measured by H 2 and H 3 , is then expected to increase with N. It turns out that the final result is not sensitive to the precise values of H 2 and H 3 , with H 2 , H 3 Ͼ10 m, but it is more sensitive to the magnitude of H 1 ͑see Fig. 4͒ .
Using such a model, we show the growth of exp͑␥*͒ in Fig. 7 , up to Nϭ250, where is set to be the laser pulselength of 40 ns. The effective growth for 250 pulses is about 3000 times for H 1 ϭ3 m, which may be deemed reasonable, considering all the approximations involved. The issue of saturation remains to be studied.
In ablation experiments, the plume's density profile is time dependent, which, roughly speaking, evolves from exp(Ϫz/H) 2 and to a profile whose peak density is located far above the interface surface, 26 after a much longer time scale than the laser pulse length ͑due to plume expansion from the interface surface͒. We have assumed a constant profile within the laser pulselength time scale in this model, but due to the lower gradient (d/dz) at the interface surface of these evolved density profiles at later time, the contributions of this expanding plume to growth become negligible.
To verify our assumption of U 2 ӷ/k x , under the conditions U 2o ӷU 1 and 1 ӷ 2o , we found that r ӶkU 2o ͓see Eq. ͑5͔͒, and the maximum of ␥/k ͑and r /k͒ is about 1240 cm/s. Thus the phase velocity of the surface wave is indeed much slower than any velocity in the plasma plume, which is in the range of 10 5 -10 6 cm/s. 
